We have shown that the Cr deposition process at ͑La,Sr͒MnO 3 ͑LSM͒ and ͑La,Sr͒͑Co,Fe͒O 3 ͑LSCF͒ cathodes of solid oxide fuel cells ͑SOFCs͒ is kinetically limited by the nucleation reaction between the gaseous Cr species and nucleation agents. In the case of the LSM electrode, the nucleation agent has been identified to be manganese species generated under cathodic polarization, and for the LSCF electrode, it is SrO species segregated at the electrode surface. Based on the mechanism proposed, we select La͑Ni,Fe͒O 3 ͑LNF͒ and ͑La,Ba͒͑Co,Fe͒O 3 ͑LBCF͒ perovskites. The results show that LNF and LBCF electrodes are highly tolerant toward the Cr deposition and are much more stable than LSM and LSCF cathodes under SOFC operating conditions in the presence of a Fe-Cr metallic interconnect. © 2008 The Electrochemical Society. ͓DOI: 10.1149/1.2828212͔ All rights reserved. The solid oxide fuel cell ͑SOFC͒ is an environmentally friendly and most efficient power-generation technology with very low greenhouse gas emission. Significant progress has been made in the reduction of operating temperature of SOFCs from traditional 1000 to 600-800°C through the development of high-performance electrode materials.
The solid oxide fuel cell ͑SOFC͒ is an environmentally friendly and most efficient power-generation technology with very low greenhouse gas emission. Significant progress has been made in the reduction of operating temperature of SOFCs from traditional 1000 to 600-800°C through the development of high-performance electrode materials. 1, 2 The reduced operating temperature of SOFCs allows the use of metals, especially the chromia-forming ferrite stainless steels, as the interconnect owing to their high thermal and electronic conductivity, negligible ionic conductivity, good machinability, and low material cost. 3 However, the use of chromia-forming alloy-based metallic interconnect poses many challenges, even at reduced temperatures. Especially, under SOFC operating temperatures volatile Cr species, such as CrO 3 and CrO 2 ͑OH͒ 2 , are generated over the oxide scale in oxidizing atmospheres. 4 Gaseous Cr species poison the cathodes, such as ͑La,Sr͒MnO 3 ͑LSM͒ and ͑La,Sr͒͑Co,Fe͒O 3 ͑LSCF͒, leading to a severe degradation of the cell performance within a short period. 5, 6 Optimization of Fe-Cr alloy composition and microstructure and development of conductive and dense protective oxide coatings are reported to reduce the volatility of Cr species and thus decrease the Cr poisoning, to a certain degree. [7] [8] [9] However, high electrical resistivity, formation of pores and cracks, and delamination of the protective oxide coatings because of the mismatch in the thermal compatibility and stability between the oxide coating and metallic interconnect are the main problems in the development of effective protective oxide coatings. 7, [10] [11] [12] The interaction between metallic interconnect and cathodes of SOFCs has been extensively investigated. However, there are considerable disagreements in the mechanism of chromium deposition on the cathode under SOFC operating conditions. It has been proposed that the deposition of Cr is dominated by the electrochemical reduction of high valent gaseous Cr species ͓e.g., CrO 3 , CrO 2 ͑OH͒ 2 , etc.͔ to solid Cr 2 O 3 phase in competition with the O 2 reduction reaction at the three phase boundaries. [4] [5] [6] [13] [14] [15] Thermodynamically, electrochemical reduction of the high valent Cr species and O 2 reduction reaction can occur under similar cathodic polarization potentials in SOFC. 4 It has been known that the Cr deposition process and poisoning effect of chromium species depend strongly on the nature of cathode materials, [16] [17] [18] indicating an alternative reaction mechanism for the Cr deposition process.
We studied, in detail, the Cr deposition process at Pt, LSM, LSCF, and LSM/yttria-stabilized-zirconia ͑YSZ͒ composite electrodes under a wide range of SOFC operating conditions in the last 7-8 years and have demonstrated that the Cr deposition process at the SOFC cathode is, in principle, a nonelectrochemical process. 16, [19] [20] [21] [22] The deposition process is kinetically limited by the nucleation reaction between the gaseous Cr species and nucleation agents. The reaction mechanism can be generally written as follows
where N is the nucleation agent. Similarly, Cr deposition steps can also be written for other gaseous Cr species. In the case of LSM electrode, the nucleation agent has been identified to be the manganese species ͑i.e., Mn 2+ ͒ generated under cathodic polarization, 19, 20 and for LSCF electrode, it is the SrO species enriched originally or segregated at the electrode surface. 16, 22 Further reaction between the nuclei, gaseous Cr species, and nucleation agent leads to the deposition and formation of ͑Cr,Mn͒ 3 O 4 and SrCrO 3 16,19-22 Cr-N-O x ͑nuclei͒ + CrO 3 
The mechanism of the Cr deposition process proposed above implies that cathode materials, which are free of nucleation agents ͑such as Mn-and Sr-containing species͒, would be tolerant toward Cr deposition. To demonstrate this hypothesis, we select Mn-free La͑Ni 0.6 Fe 0.4 ͒O 3 ͑LNF͒ and Sr-free ͑La 0.6 Ba 0.4 ͒͑Co 0.2 Fe 0.8 ͒O 3 ͑LBCF͒ materials as the Cr-tolerant cathode candidates. LNF has been shown to be stable for the O 2 reduction reaction in contact with a Fe-Cr alloy interconnect, as compared to the LSM electrode. 17 The results in the present study show that LNF and LBCF are highly tolerant toward the Cr deposition and are electrochemically stable for the O 2 reduction reaction in contact with a Fe-Cr alloy in comparison to that of LSM and LSCF under the same experimental conditions.
Experimental
Oxide powders with compositions of LSM, LSCF, LNF, and LBCF were synthesized by a solid-state reaction method. LSM, LSCF, and LBCF were calcined at 900°C, and LNF was calcined at 950°C. The X-ray diffraction ͑XRD͒ pattern of the oxide powders indicates the formation of a single perovskite phase of the powders prepared. LSM and LNF cathodes were applied to a 8 mol % YSZ electrolyte, followed by sintering at 1150 and 1100°C, respectively. LSCF and LBCF cathodes were applied to a Gd 0.2 Ce 0.8 O 2 electrolyte and sintered at 1000°C. The electrode area was 0.5 cm 2 . Pt paste ͑Ferro Corporation, USA͒ was painted on the opposite side of the cathode to serve as the counter and reference electrodes.
A commercial Fe-Cr alloy RA446 ͑Rolled Alloy Co., 23-27% Cr, 1.5% Mn, 1% Si, 0.2% C, 0.12% N, and the remaining Fe͒ was used as the interconnect. The alloys were machined into coupons ͑12 ϫ 12 ϫ 4 mm͒ with channels ͑1.2 ϫ 1.2 mm͒ cut on one side * Electrochemical Society Active Member.
z E-mail: mspjiang@ntu.edu.sg of the coupon. Air was directed to the channels through an alumina tube. Two Pt wires were spot-welded to the coupon to serve as the voltage and current probes, respectively. There was no Pt mesh placed between the chromia-forming alloy and electrode coating. In this arrangement, the chromia-forming alloy also acted as a current collector. Air ͑industrial grade, H 2 O content Ͻ3 ppm͒ was used without further drying. The airflow rate was controlled at 100 mL min −1 . Figure 1 shows the cell configuration and arrangement of the Fe-Cr alloy interconnect.
The polarization behavior of cathodes was carried out under a constant current density of 200 mA cm −2 in air at 900C. Polarization potential ͑E cathode ͒ was measured against the Pt air reference electrode. The current passage was interrupted from time to time to make electrochemical impedance spectroscopy measurements using a Solartron 1260 frequency response analyzer in conjunction with a 1287 electrochemical interface. Electrode ohmic resistance ͑R ⍀ ͒ was measured from the high-frequency intercept on the impedance spectra. Thus, overpotential ͑͒ can be obtained from E cathode and R ⍀ by
where j is the current density. Scanning electron microscopy ͓͑SEM͒, Leica 360͔ and X-ray energy dispersion spectroscopy ͓͑EDS͒, Oxford͔ were used to examine the electrode/electrolyte interface morphology and the elemental distribution of the deposits. The cathode coating was removed by a 20% HCl acid treatment, followed by washing with deionized water. Figure 2 shows the SEM images of fractured cross sections of LSM and LNF electrodes and a YSZ electrolyte surface in contact with the electrodes after the test. The test was carried out under a cathodic current passage at 200 mA cm −2 and 900°C in air for 20 h. For the O 2 reduction at the LSM electrode, there is significant Cr deposition at the LSM electrode/YSZ electrolyte interface, leading to the formation of crystals with distinct facet ͑Fig. 2a͒. The YSZ electrolyte surface is almost completely covered by the large Cr deposits ͑Fig. 2b͒. The deposits contains Cr and Mn ͑Fig. 2c͒, indicating the formation of ͑Cr,Mn͒ 3 O 4 spinels. Detailed investigations show that the Cr deposition on the LSM electrode is induced by the nucleation reaction between the gaseous Cr species and manganese species ͑i.e., Mn 2+ ͒. 19, 20 In contrast, there is no observation of Cr deposition at the LNF electrode and YSZ electrolyte interface ͑Fig. 2d͒. The YSZ electrolyte surface is clean without the deposition of Cr species ͑Fig. 2e͒. The very fine particles on the YSZ electrolyte surface are most likely the La 2 Zr 2 O 7 formed during the sintering process of the LNF cathode. 23 Cr is not detected on the YSZ electrolyte surface in contact with LNF cathode by the EDS analysis ͑Fig. 2f͒. The results indicate that the deposition of Cr species is inhibited on the LNF electrode most likely due to the absence of nucleation agent, Mn, in LNF. 
Results and Discussion
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Electrochemical and Solid-State Letters, 11 ͑3͒ B42-B46 ͑2008͒ B43 SEM images of the surface and cross sections of the LSCF and LBCF cathodes after cathodic polarization at 200 mA cm −2 and 900°C in air for 20 h are given in Fig. 3 . Consistent with previous studies, 22 significant deposition of Cr species was observed on the LSCF electrode surface. The LSCF electrode surface is completely covered by the large deposited Cr particles ͑Fig. 3b and c͒. Significant Cr deposition is also detected by EDS analysis ͑Fig. 3c͒. Cr deposition occurs preferentially on the surface of LSCF cathode, rather than in the bulk of the LSCF cathode or at the electrode/ electrolyte interface. 22 In contrast, there is no visible deposition of large Cr crystals/deposits on the LBCF electrode surface ͑Fig. 3d and e͒. A comparative microstructure analysis also shows that the microstructure of the LBCF electrode after cathodic polarization at 900°C for 20 h in the presence of the Fe-Cr alloy interconnect is similar to that of the freshly prepared LBCF. However, EDS analysis indicates the Cr deposition on the surface of the LBCF electrode ͑Fig. 3f͒. Nevertheless, the intensity of Cr deposition at the LBCF electrode is much smaller as compared to that on the LSCF electrode, indicating that the deposition of Cr species at the LBCF electrode is kinetically a slow process. The much slower process of Cr deposition on LBCF is also indicated by the observation of no Cr crystals/deposits on the surface or in the bulk of LBCF electrodes.
The microstructure analysis clearly indicates that Mn-and Srfree cathode materials, such as LNF and LBCF, show remarkable resistance/tolerance toward Cr deposition, in comparison to the Mnand Sr-containing cathodes of LSM and LSCF. The high Cr tolerance is also confirmed by the high polarization stability of LNF and LBCF cathodes for the oxygen reduction in the presence of the Fe-Cr alloy interconnect. Figure 4 shows the polarization behavior as a function of cathodic current passage time for the O 2 reduction on LSM, LNF, LSCF, and LBCF electrodes in the presence of Fe-Cr alloy interconnect at 200 mA cm −2 and 900°C. The corresponding change in for the O 2 reduction on the cathodes in the presence of Fe-Cr alloy interconnect is shown in Fig. 5 .
In the presence of the Fe-Cr metallic interconnect, the polarization behavior is characterized by a rapid rise, followed by a region where the increase in polarization potential is much slower. The rapid rise in the polarization potential, E cathode , has been explained by the strong inhibiting effect of the gaseous Cr species on the surface process, such as the dissociation adsorption and diffusion of oxygen for the O 2 reduction reactions. 24 The increase of E cathode is mainly due to the increase of overpotential, because the ohmic resistance of the electrode does not change significantly with the cathodic current passage in the presence of Fe-Cr alloy at the initial stage. [19] [20] [21] [22] For the O 2 reduction on the LSM electrode, E cathode and increase rapidly with the current passage time ͑Fig. 4a and 5͒. At the end of 20 h of current passage, increased from 256 to 1490 mV, showing the significant poisoning effect of both the gaseous Cr species and solid Cr deposits on the O 2 reduction at the LSM electrode. Deposition of Cr species at the LSM electrode and YSZ electrolyte interface blocks the ionic transfer of oxygen ions from the LSM electrode to the YSZ electrolyte at the interface region. 19, 20 Such a blocking effect of the solid Cr deposits on the O 2 reduction reaction is irreversible, indicated by the rapid increase in the E cathode and ͑Fig. 4a and 5͒. Different from the reaction on LSM, the change in E cathode for the reaction on LNF cathode is reproducible and much smaller ͑Fig. 4b͒. For the reaction at the LNF electrode, is in the range of 253-300 mV and very stable under the polarization conditions studied, indicating no blocking effect of solid Cr deposits at the LNF electrode and YSZ electrolyte interface region. This is consistent with the SEM observation of the Cr-free LNF/YSZ interface ͑Fig. 2d and e͒. This again demonstrates that LNF inherently inhibits the Cr deposition.
Polarization behavior for the O 2 reduction on LSCF cathode is similar to that on LSM ͑Fig. 4c͒. The much lower E cathode as compared to that on LSM is related to the high mixed ionic and electronic conductivity of LSCF. 25 However, E cathode increased monotonically with the current passage time despite the initially much smaller polarization potential ͑Fig. 4c͒. The initial was 21 mV and increased to 343 mV after current passage for 20 h ͑Fig. 5͒. The rapid increase in is due to the Cr deposits on the electrode surface, blocking the path for the gas diffusion and transportation ͑Fig. 3b͒. 
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In the case of the LBCF electrode, there is an initial increase in E cathode , but E cathode is stabilized after current passage for ϳ200 min. The reproducible E cathode and stable for the O 2 reduction reaction at the LBCF electrode show the poisoning effect of gaseous Cr species on the reaction but not the solid Cr deposits. This indicates that the LBCF electrodes, similar to LNF, are highly tolerant toward the Cr species as compared to the LSCF electrode. However, more detailed work is needed to investigate the effect of gaseous Cr species on the microstructure and long-term stability of LNF and particularly LBCF cathodes under SOFC operating conditions.
Conclusions
The results in the present study demonstrate the feasibility of the development of Cr-deposition resistant and Cr-tolerant cathodes for SOFCs using the Fe-Cr alloy interconnect. LNF and LBCF show not only the high resistance and tolerance toward Cr deposition and poisoning but also the superior polarization performance stability as compared to conventional LSM and LSCF electrodes. The strategy outlined here offers a methodology to identify the nucleation agent under SOFC operating conditions and can be used for the development of cathodes with high Cr tolerance and high stability for the intermediate temperature SOFCs.
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